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Abstract 

A  one-deep- level  impurity,  space-charge  neutral  and  steady-state  model 
is  proposed  and  verified  in  n-Si  samples,  overcompcnsatcd  but  not 
inverted  by  gold  acceptors.  The  physics  is  as  follows.  If  the  photo¬ 
ionization  rate  of  trapped  holes  at  the  impurity  center  is  greater  than 
electrons,  then  an  extrinsic  monochromatic  illumination  will  increase 
the  trapped  electron  concentration.  To  maintain  quasi-neutrality  and  a 
constant  steady  state  trapped  electron  concentration  (equal  to  that  of 
the  shallow  level  donor),  the  injected  electron  concentration  into  the 

compensated  n-recion  must  decrease,  thus,  decreasing  the  electron  or 

t  -  A.i d  W*- IS'vCV 

total  current  since  hole  concentration  is  pe  low^in  the  presence  of  a 
swej^t ” out  electric  field  that  its  contribution  is  negligible.  This 
model  has  sucessfully  prodicted  the  observed  large  NPC  (three  times  or 
more  reduction  of  dark  current),  the  high  intrinsic  optical  gain  (*50) 
and  the  sublinearity  in  dark  current. 
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A  New  Model  of  Negative  Photoconduction 
I.  Introduction 

*v  ' lltivo  Photoconductivity  or  photccurrent  (NPC)  have  been  reported 

in  many  amorphous  materials.!*!/  Well  defined  NPC  was  first  observed  by 
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Stockir.cn:  in  electron  irradiated  Ge.  There  have  been  renewed 

interests  on  this  effect  with  experimental  observations  in  n-type 

semiconductors:  gold-doped  Ge-^,  cobalt-doped  Si— '  and  gold-doped  Si— 

The  interpretation  of  the  experimental  results  has  been  qualitative  and 

cased  on  ctockmann’s  two-level  impurity  model!'.  In  this  model,  very 

special  conditions  on  the  thermal  capture  cross-sections  of  minority 

carriers  arc  required.^/  Because  of  the  small  magnitude  observed,  the  NPC 

effect  was  thought  to  bo  a  different  mechanism  than  that  which  gives 

large  intrinsic  photoconduction  and  optical  gain. 

This  paper  shows  that  the  observed  extrinsic  NPC,  high  intrinsic 

optical  gain  and  its  associated  sublinear  dark  current  can  all  be 

completely  accounted  for  by  a  one  deep-level  impurity  model  in  an  applied 

electric  field.  In  contrast  to  Stockmann's  equilibrium  model,  the  new 

model  shows  that  NPC  ceases  when  the  applied  electric  field  is  removed 
p/ifsic rite,  ef  4.t  t(! <t  l/it  t  vuun/usi/ 

due  to  the  lack‘d*  a  eiuut'uui  dupiiLLien  of  minority  carriers. 

II.  Physics  of  the  Model 

Consider  a  N+IN+  structure  under  an  applied  voltage  V  whose  energy 
band  diagram  is  shown  in  Fig.  l.  The  shallow-level  donor  in  the  I-region 
(donor  cc  .centration  N^)  is  overcompensated  but  not  inverted  by  a  deep- 
level  acc  ptor  impurity  <NTT  >  N^  *  i015  donors/cm3)  so  that  the  I-^gion 
is  still  N-type  and  N  »  P,  Thus,  the  conduction  is  dominated  by 
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electron  drifting  from  the  left  N+  region  through  the  I  region.  Below 
about  xO  V/cm  so  that  space  charge  is  not  important,  electrical 
neutrality  is  maintained  over  the  entire  I  region  except  the  small  end 
region  near  the  cathodcdeft  Nt  region)  which  can  be  neglected.  Thus, 
almost  all  the  excess  electrons  from  the  shallow  donors  are  trapped  at 

the  deep  acceptors,  i.e.  N,f( trapped  electron  concentration )=N  shallow 
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donors/cm  and  the  electron  concentration,  N,  is  very  small:  N«N  =N 

T  D* 

One  of  the  most  important  point  of  this  model  is  that  the  condition  of 

constant  trapped  electron  concentration  will  .persist  under  illumination 

15  3  i 

if  Nd>10  /cm  since  for  practical  light  intensities  («<1016  photons/cm2-* ) 

the  photoelectron  concentration  will  satisfy  N«N  =N 

D  T* 

When  the  sample  is  exposed  to  an  extrinsic  monochromatic  light, 
trapped  electrons  (*T>  and  holes  (P^N^)  are  released.  If  the 
photoionization  rate  of  trapped  holes  (shown  as  e°  in  Fig.  1)  is  greater 
than  electrons  (e°),  then  the  trapped  electron  concentration  would 
increase  which  is  not  possible  since  N^constant.  Thus,  the  increase 
of  the  rate  due  to  e°  over  e°  must  be  balanced  by  a  decrease  of  the 
thermal  capture  rate  of  electrons  (shown  as  c*N  in  Fig.  1).  This  would 
decrease  the  injected  electron  concentration  N  and  reduce  the  total 
conduction  current,  giving  negative  photocurrent. 

The  neglected  hole  (minority)  contribution,  which  is  positive 
under  illumination,  is  small  due  to  the  low  concentration  of  holes 
present  in  the  I  region  (P«N).  However,  nnymUV  ^  of  ),uu 
*wep t  out^o^-dep^o^torr^  ft- 1 h e-X-regi on-i s - n ece»«wr  fw  HPC  and  the 

j"  , 

presence  of  holes  will  set  the  lower  Unit  on  the^c  electric  field 
below  which  the  positive  hole  contribution  will  mask  the  NPC. 
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III.  Mathematical  Solution 


The  solution  can  be  readily  obtained  from  the  physical  model  just 

discussed  and  the  simple  solution  neglecting  holes  will  be  given  first. 

Electrical  neutrality  in  the  I  region  gives  0=P-N+ND-NT*ND-NT  when  the 

total  deep  level  concentration  is  greater  than  the  shallow  level 

donor  concentration  ND  and  when  ND>1015/cm3.  The  trapped  electron 

concentration  can  be  obtained  from  the  steady  state  balance  of  the  six 

rate  processes  shown  in  Fig.  1,  giving  c*H?  -{et+e°)N  =ctPN  -(e^a0)? 

n  T  n  n  T  p  T  p  p  T 

so  that 

c>  =  <VV<«X«$M  -  (ePteP>  U) 

■  -  <ve°)  <u) 

where  in  <1A)  use  is  made  of  PccIKcHjVHj.N^-Pj.  The  photoelectron 
concentration  in  the  I  region  is  then 

C>  ■  WVK  -  ‘p  12) 

which  is  negative  and  gives  NPC  if  This  is 

possible  for  the  overcompensated  but  still  11-type  I  region  where 

NTT>ND  and  for  thc  eold  acceptor  level  located  0.545  eV  below  the  Si 
conduction  band  gap  which  has  e°/e°»l  in  the  extrinsic  range  of 

Hu  >  670  mV.-/  However,  the  inequality  for  UPC  can  still  be  satisfied  ' 
even  if  e°/e°  <  1  provided  that  NTT>>hI). 

In  the  next  section,  (2)  is  tested  experimentally  and  found  to 
give  excellent  result. 

To  establish  the  low  electric  field  limit  for  NPC,  the  positive 
hole  contributions  must  be  included  in  the  solution.  This  is  most 
evident  in  (1)  and  the  hole  capture  term,  c*P,  when  included  in  (2) 
will  reduce  the  negative  photoelectron  concentration. 
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The  hole  concentration  can  be  from  the  steady  state 

balance  between  hole  rocorbination  at  the  deep  level  and  the  fr  Ate  of  V 


(3) 


C*0 


1>PX)  (5) 


s-eptwcw^yrthe  electric  field  across  the  I  region,  giving 

P/ttr  =  (ep+ep)(NTT-HT)  -  Cp™T 
where  ttr~L/ppE  is  the  hole  transit  time  across  the  I  region. 

The  hole  and  electron  concentrations  in  the  charge  neutrality 
condition,  P-K+Nd-Nt=0,  nay  still  be  neglected  as  long  as 

NTT>ND~NT>>N>>P  which  is  valid  in  practice  as  we  have  just  discussed. 
Using  ND=llT,  the  hole  concentration  from  (3)  is  given  by 

CpP  = 

and  the  electron  concentration  from  (1)  and  (4)  is  then 

cnN  ■  cv<stt-vj<*K>  -  nys,w«vg  - 

where  Tp=l/CpND  is  the  hole  lifetime  in  the  I  region. 

These  results  are  also  valid  at  thermal  equilibrium  1*0,  since 
(3)  is  valid.  They  show  that  the  thermal  equilibrium  electron  and 
hole  concentrations  would  increase  with  illumination,  e°  and  e°,  and 

n  p  * 

no  negative  photoeffect  would  be  expected. 

Th«  minimum  electric  field  required  for  UPC  can  be  obtained  from 
th.  photoeurrent  inequality  dJcqtp^N+^APW  <  0.  Kakins  use  of  (a) 
end  (5),  the  oneset  condition  for  NTC  is  then 

V'tr  *  V/UpKD 

i  {^(•;/*°)<Pp/p„)(c'/c')[<dTT/KD,-l]J}/((.°/0»)c(KTT/>,ii).1].1, 


(6) 
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The  second  tern  in  the  numerator  comes  from  the  positive  photohole  current 


with  is  small  compared  with  1  at  the  gold  acceptor  level  in  Si  where  cn«c^. 


A  simp Her  analysis  of  the  threshold  condition  can  he  mac  for  this 

case  which  requires  that  Ah'<0  since  the  positive  photohole  current  can  be 

neglected.  From.  the  steady-state  balance  of  the  six  processes  indicated  in 

-t,. 


Fig.  1,  wc  have  then  ctFr,AK=eONT„+c^K,.AP-e”?T<0.  Thus,  c 

which  states  that  fer  KPC,  the  thermal  capture  rate  of  ohctohclcs  must  be 

smaller  than  the  photogeneration  rate  of  holes  over  electrons.  This  can« 


be  reduced  into  a  slightly  different  fom  using  (3)  to  give  ACP/t^l^e^Kp. 


which  states  that  for  liPC,  the  drift  rate  of  photoholcs  must  be  faster 
than  photoelectron  generation  rate. 

The  threshold  condition  of  the  applied  voltage  for  N’PC  car.  be 
obtained  from  either  of  the  two  inequalities  jus*  obtained  by  eliminating 
P  from  (3),  giving 

[t"1/(T“1  ♦  t"1)le°P„  >  e°:i»  <6A) 

LXtr  p  tr71  p  T  n  T 

which  is  identical  to  the  complete  form  given  by  (6)  with  the  photchole 


current  term  (second  term  in  the  numerator)  neglected.  It  also  reduces 
to  the  condition  following  (2)  if  ttr«xj>  or  hole  contribution  is  completely 
neglected  at  high  fields.  The  result  given  by  (GA)  is  intuitively 

simple:  it  states  that  when  hole  contribution  is  important,  JIPC  can  occur 
only  when  the  photogeneration  rate  of  hole  o°?,p,  reduced  by  the  probability 
of  hole  drift  relative  to  thermal  hole  capture  [t'^/Ct”1*  tt*)],  rust  1)6 
greater  than  photcelectron  generation. rate,  ej^p. 
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The  minimum  electric  field  required  by  (6)  is  quite  low  and  could 
bo  thought  of  as  a  thermal  equilibrium  process  mistakenly.  A  numerical 

^  ^  .9 

estimate  can  be  made  for  the  cold  acceptor  in  Si  where  c^/c^sl, 65x10  * 

1.15xl0"7=0.014  2/  and  c°/o°M0.  Let  (Au)=2N  *2xl016/cm3  and 

p  n  1 1  u 

y  /v»  =330/1000,  then  from  (6),  we  have  t  /t.  =p  E/Lc*Nn>[Nn/(NTT-Nn)3(e°/e^) 
p  n  p  tr  p  pu  u  nu  n  p 

*0.1  so  that  E(V/cn)>40L(viM).  This  example  shows  that  the  hole  transit 
time  needs  not  be  small  comoared  with  the  hole  lifetime  in  order  to  get 


UPC  and  that  UPC  can  be  cxpocted  at  rather  low  electric  fields.  For 

example,  lot  L=25yM,  then  V=EL>2.5  volts.  GV'b  [off 

The  effect  of  space  charge  on  the  reduction  of  the  NPC  can  bo 

estimated  from  the  approximation  cd£/dx*-cE/L*cV2/L=q(P-N+ND-NT)«q(Np-N,y). 

This  shows  that  Np  in  (4)  and  (5)  is  to  be  replaced  by  NptcE/qL.  Thus, 

an  increase  in  space  charge  or  electric  field  would  reduce  the  total 
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negative  All.  Howevor,  for  ND»10  /cm  ,  space  charge  effect  becomes 
important  only  when  cE/qL»ND  or  E*4xl06V/cm  for  L*25viH.  Thus,  there  is 
a  wide  range  of  applied  voltage  (2.5  to  10  volts  for  this  example) 
where  NPC  appears  and  space  charge  effect  is  negligible. 

The  negative  photocurrent  due  to  the  gold  donor  level  (Ey+345  mV) 
in  Si  in  the  Stockmann  two- level  model  can  be  shewn  to  be  negligibly 
small  compared  with  the  contribution  from  the  model  just  presented.  To  • 
estimate  this  contribution,  we  note  that  most  of  the  gold  donors  are  in 
the  neutral  state  in  the  I  region  and  its  concentration  is 
recombination  rate  at  the  donor  level  is  then  limited  by  hole  capture 
whose  rate  is  cp0^NTr"I,D^*  Dust  a^e<*  t0  ***•  hole  cs?ture 

tern  at  the  acceptor  level,  c^PN^.,  in  (3)  and  would  increase  this  term 
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by  ( CpQ /Cp ) ( ) /N^( CpQ /Cp ) =2 . 4x10  ®/l,  15x10  ^=0.2.  The  reduction 
of  the  elcctror  concentration  due  to  recombination  at  the  gold  donor 
level  (Stockmann's  effect)  is  also  negligible  since  the  electron  capiure 


rfite  into  the  gold  acceptor  level  is  considerably  larger  than  into  the 

unoccupied  donor  level.  This  ratio  is  ctiI(N__-NtJ/(ct  ,N:i.  ) 

n  i  r  d  n-l  Au+ 

*C*N(N  -N  VCc*  N(c*  P+e  )/(c*  .U+c  JXcV  \)(cX  ,H+e  J/c'p 
n  ii  o  n-l  pO  no  n-l  p-1  n  n-l  n-l  p-1  pO 

*105  using  the  numerical  values  listed  in  references  0,  9  and  10. 


IV.  Experimental  Results 


Experimental  verification  of  the  new  model  has  been  made  on  gold 
diffused  silicon  N+IN+  diode  structures  with  the  following  parameters: 
Njjs1015/cra3f  Npj,(Au)s2  to  5x10 ^/cn3,  L=12yM,  N+  layer  thickness* 5yH 
and  area=0.0045  cm  ,  A  comparison  between  the  theory  and  experiment  on 
the  spectral  response  of  the  photocurrent  is  shown  in  Fig.  2  both  in 
the  extrinsic  NPC  range  (labeled  (-))  and  the  positive  intrinsic 
photocurrent  range  (labeled  (+)).  The  dark  current  at  the  202°K 


sample  temperature  is  15.5  nA  while  the  KPC  peaks  at  about  10  nA, 

The  left  scale  gives  the  optical  gain,  shewing  that  a  value  of  20  is 
both  predicted  and  observed  in  this  sample.  The  maximum  intrinsic 
optical  gain  is  about  50  and  the  reduction  to  20  in  this  sample  is  due 
to  the  absorption  in  the  top  Nt  layer  of  5yM  thickness. 


Data  correlating  the  NPC  threshold  condition  given  by  (6), 
temperature  and  field  dependences  of  the  sublir.car  dark  current  and 


transient  response  are  obtained  and  will  be  published  elsewhere. 
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Figure  Captions 

Thi  energy  bend  diagram  of  a  U+lKt  diod 
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in  references  8.  9  and  10.  (.  o  data  givon 

»«ion  while  (+)  i,  th  8»t£ve  extrinsic  photocurren 

the  positive  intrinsic  photocurrent 


-9- 


